Objective: Low circulating testosterone concentrations have been associated with insulin resistance (IR). Androgen action is mediated by the androgen receptor (AR) whose activity is modulated by a polymorphic CAG repeat sequence within exon 1. An interaction between testosterone and CAG repeat length (CAG length) with respect to IR has been described in women. Objective: We investigated such a putative interaction between testosterone and the CAG length with respect to IR in men with normal glucose tolerance. Design: Cross-sectional study. Methods: In 113 non-diabetic men calculated free testosterone, the CAG length, and a multiplicative interaction term were investigated by multiple linear regression analysis for an association with IR, as indicated by homeostasis model assessment (HOMA %S). Results: In a multivariate regression analysis adjusted for age and body mass index, free testosterone, CAG length, and a multiplicative interaction term were significantly associated with IR (PZ0.001, PZ0.001, PZ0.01 respectively). The model explained 36.6% of the variation of IR and predicted that in carriers with a CAG length of 23, changes in testosterone would only minimally affect IR. For CAG lengths longer than 23, however, an increase in testosterone would improve IR, namely the longer the CAG length, the greater the effect. In contrast, in the case of CAG lengths shorter than 23, the effect of increasing testosterone would be the opposite. Conclusions: In men, testosterone and the AR CAG repeat length polymorphism interacted with respect to IR. The interpretation of the association between testosterone and IR seems to require consideration of the AR CAG repeat polymorphism.
Introduction
In men lower testosterone levels have been associated with obesity, metabolic syndrome and type 2 diabetes mellitus (T2DM) (1) (2) (3) (4) (5) . Insulin resistance (IR) linked to visceral adiposity (6) is regarded as a major pathophysiological mechanism leading to the metabolic syndrome and T2DM (7) . It is well established that testosterone modulates body composition, with a higher visceral fat mass and lower fat-free mass in hypogonadal men (8) , which can be reversed by testosterone replacement therapy (9, 10) . Consistently, androgen ablation in patients with prostate cancer increases fat mass (11) , IR (12) , and the risk of T2DM (13) . Several studies suggest a regulatory role of testosterone for metabolic processes like insulin sensitivity and associated pathologies such as the metabolic syndrome and T2DM, although intervention trials addressing the impact of testosterone on metabolism in men with low testosterone revealed inconsistent results (9, 10, (14) (15) (16) .
Most effects of testosterone are mediated at the molecular level through activation of the androgen receptor (AR), although some effects are mediated via the estrogen receptor after aromatization of testosterone. A CAG repeat polymorphism within the AR gene was found to influence the transactivation of androgendependent genes (17, 18) . The length of the CAG repeats varies between w12 and 30 repeats with an average length of 22 in Caucasian populations (19) (20) (21) ). An inverse relationship exists between AR CAG repeat length and the transcriptional activity of testosterone target genes (18) . Associations between CAG repeats and components of the metabolic syndrome in men have been reported by some more recent studies. Data, however, regarding the association between the CAG polymorphism and the metabolic syndrome are conflicting (22, 23) .
As testosterone action on target tissues is influenced by both the CAG repeat polymorphism and the circulating and local tissue androgen concentrations, we tested in this study the hypothesis that an interaction between circulating testosterone and the CAG repeat length polymorphism exists and that this interaction has an impact on insulin sensitivity in men.
In women suffering from hyperandrogenism, such an interaction between the CAG repeat length in the AR and testosterone with respect to IR has been described (24) .
Subjects and methods

Subjects
The Metabolic Syndrome Berlin Potsdam (MeSyBePo) study (25, 26) is an ongoing study evaluating metabolic parameters in volunteers from the Berlin-Potsdam region in Germany, which has been started in 2002. The study has been approved by the local ethics committee and all participants gave written informed consent. The study has not been pre-registered. Anthropometry was performed by trained staff, and in case of unknown diabetes, glucose metabolism was defined by an oral glucose tolerance test. Medical history, smoking status, sporting activity, and dietary habits were assessed by questionnaires. Complete data and materials were available from 333 men at the time of the present investigation. The analysis was restricted to 113 men who were non-diabetic (27) and did not take any regular medication to avoid erroneous IR calculations in diabetic patients or medication bias.
Assays
Total testosterone was measured by an enzyme immunoassay (Adaltis, Freiburg, Germany). sexual hormone binding globulin (SHBG) and estradiol (E 2 ) were measured by fluoroimmunoassays (Wallac Delfia, Perkin Elmer, Rodgau-Jü gesheim, Germany). Free testosterone was calculated from total testosterone and SHBG as published (28) , using a web-based calculator (http:// www.issam.ch/freetesto.htm). Insulin was quantified by an ELISA (Mercodia, Uppsala, Sweden). All further biochemical and endocrine parameters were measured as described previously (26, 29) .
The AR CAG repeat length polymorphism was measured by BioGlobe company (Hamburg, Germany). PCR products that were amplified by PCR using fluorescent-labeled forward primer 6FAM-5 0 -TCCAGAA-TCTGTTCCAGAGCGTGC-3 0 and reverse primer 5 0 -CCC-ATTTCGCTTTTGACACA-0 (Metabion International, Martinsried, Germany) were diluted with MegaBACE ET550-R size standard following manufacturer's recommendations and were subjected to capillary electrophoresis on MegaBACE 1000 DNA Analyzer. Data were analyzed with GE Healthcare's MegaBACE Fragment Profiler 1.2 Software (GE Healthcare, Piscataway, NJ, USA).
Calculations and statistics
IR was quantified by calculating HOMA %S from fasting glucose and insulin values using a computer program provided by Dr Levy (30) . Body mass index (BMI) was calculated as body weight (kg) divided by body height squared (m 2 ). Statistical analyses were performed using SPSS Software (version 14.0, SPSS, Inc., Chicago, IL, USA). Significance was considered as two-tailed a!0.05. To describe continuous variables, mean values and S.E.M. are presented. Correlation analysis was performed using the Spearman correlation coefficient. Different variables were compared for association with HOMA %S by backward linear regression analysis. The relation between ln testosterone, ln AR CAG length, and IR was modeled by multiple linear regression analysis adjusted for ln BMI and ln age with ln HOMA %S as the dependent variable.
Results
The clinical and endocrine characteristics of the cohort are depicted in Table 1 . The mean CAG length of the AR was 22.0G0.3 ranging from 17 to 32 as shown in Fig. 1 , which is similar to the results from previous Caucasian cohorts (20) . There was a significant correlation between both total testosterone and sexual hormone binding protein (SHBG) with HOMA %S (rZ0.193, PZ0.004, and rZ0.483, P!0.001 respectively). Backward regression analysis was performed to analyze the association between total testosterone, SHBG, age, and BMI with HOMA %S. The final model consisted of SHBG (bZ1.51, PZ0.002) and BMI (bZK3.46, PZ0.015), indicating that these two variables are the ones most strongly associated with IR. Calculated free testosterone, ranging from 0.03 to 0.32 ng/ml, did neither correlate with HOMA %S (PZ0.12) nor with the AR CAG repeat length (PZ0.33). E 2 , a testosterone metabolite that is produced through aromatization, correlated with total testosterone (rZ0.19, PZ0.045) while there was no correlation with SHBG (PZ0.13), calculated free testosterone (PZ0.45) or with HOMA %S (PZ0.87).
Correlation analysis does not consider a putative interaction between two variables with respect to a third dependent parameter. Therefore, we performed multiple linear regression analysis including a multiplicative interaction term to address a potential interaction between free testosterone and the AR CAG repeat length polymorphism with respect to HOMA %S. The model was calculated with ln transformed variables to yield normally distributed residuals as indicated by the Kolmogorov-Smirnov test (PZ0.20). Adjusted for ln age and ln BMI ln free testosterone (PZ0.001), the ln CAG repeat length (PZ0.001) and the multiplicative interaction term (PZ0.001) were significantly associated with ln HOMA %S (Table 2a) . Ln free testosterone was negatively associated with ln HOMA %S, ln CAG repeat length and the interaction term were inversely associated. According to the adjusted r 2 value, the entire model explained 36.6% of the variance of ln HOMA %S. Therefore, this model was superior compared with a model only including ln age and ln BMI, which explained 28.5% of the variance of ln HOMA %S (Table 2b) .
To illustrate the impact of the interaction, we used the model to calculate HOMA %S values for different CAG repeat lengths and free testosterone concentrations for a 60-year-old man with a BMI of 30 kg/m 2 as shown in Table 3 . At a CAG repeat length of 23, changes in free testosterone had minimal impact on IR according to the model. At CAG lengths longer than 23, a rise in free testosterone was associated with an improvement of insulin sensitivity. This effect increased with longer CAG lengths. On the other hand, at CAG lengths shorter than 23, increasing concentrations of free testosterone worsened IR. Otherwise, at a given free testosterone in the low normal range (0.075 ng/ml), the impact of the CAG length on HOMA %S was minimal. With increasing or decreasing testosterone concentrations the impact of the CAG repeat length with respect to HOMA %S increased. In the case of increasing free testosterone concentrations, longer CAG repeat lengths were associated with improved insulin sensitivity. In contrast, insulin sensitivity was reduced in the case of decreasing free testosterone concentrations. Together, this demonstrates that the potential impact of testosterone on IR was modified by the AR gene polymorphism.
Discussion
IR plays a central role in the pathophysiology of adiposity-related metabolic alterations, such as the metabolic syndrome and T2DM, and it is a well-accepted risk factor for coronary artery disease and cardiovascular events (for review, see (31) ).
Several studies in men reported an association between low concentrations of testosterone and obesity, the metabolic syndrome, and T2DM (1-5). Furthermore, low testosterone appears to be an independent risk factor for the development of the metabolic syndrome (5) and T2DM (32) . Consistent with a causal relationship, androgen deprivation has adverse effects on body composition with an increase in fat mass (11). 30 35 Figure 1 The distribution of the AR CAG repeat length polymorphism in the study cohort. Furthermore, testosterone replacement in men with classical hypogonadism improves IR and metabolic parameters presumably through a positive effect on body composition with increasing lean body mass while reducing fat mass (9) . The AR is mediating the effects of testosterone at the molecular level. In vitro, the ability of the receptor to enhance transcription of testosterone-regulated genes has been shown to depend on a highly polymorphic CAG repeat microsatellite in exon 1 (18) . It is generally assumed that there is a negative linear association between AR sensitivity and the CAG repeat length, which, however, has been questioned recently (33) . In men, this polymorphism has been associated with the prognosis of prostate cancer (34) ; with obesity (35) and body composition (22); and with metabolic parameters such as high-density lipoprotein cholesterol (36), fasting glucose, or the risk of metabolic syndrome (23) . Consistently, in women suffering from hyperandrogenism, the CAG repeat length in the AR modifies the relation between testosterone and IR (24) . Therefore, it appears reasonable to consider the CAG length polymorphism when investigating the relationship between testosterone and IR in men.
In this study, we present novel data concerning the interaction between free testosterone concentration and the AR CAG repeat length polymorphism with respect to IR in men. We describe that at short CAG lengths, increasing concentrations of free testosterone appeared to worsen insulin sensitivity, as derived from multiple linear regression analysis including a multiplicative interaction term between free testosterone and the CAG repeat length. The effect attenuated with rising CAG length until it turns into the opposite effect at a CAG length longer than 23. Vice versa, at free testosterone concentrations within the reference range, the modifying impact of the CAG repeat length polymorphism appeared to be minimal, whereas in men with mild-to-moderate low testosterone levels as in late-onset hypogonadism, the CAG repeat length might well modulate the metabolic effects of testosterone.
IR is a multifactorial parameter that is determined by a number of metabolic factors and processes involving several tissues like fat, muscle, and liver (37).
It appears likely that testosterone-dependent mechanisms modulate more than one pathway controlling IR. Our model, which fits best the clinical parameters measured in our cohort, describes a complex interaction between testosterone concentration and CAG repeat polymorphism with respect to IR. This is consistent with the assumption of the involvement of several differentially regulated androgen-dependent pathways modulating IR. The molecular pathways involved, however, remain to be defined. Our model, although it indicates a more complex interaction, does not necessarily argue against a linear inverse relationship between AR CAG repeat length and, for e.g. the transcriptional activity of individual testosterone target genes (18) . A similar interaction between testosterone and AR CAG repeat length with respect to IR has been seen in hyperandrogenic women (24) suggesting that the underlying mechanisms could be operational in both genders.
The mean CAG length in our cohort was similar to that reported from other Caucasian cohorts (20) . In contrast to several previous reports (20, 35, 38, 39) , there was no correlation between the CAG length polymorphism and total or free testosterone, which, however, is in line with another recent publication (40) . In our cohort, insulin sensitivity ranged from very sensitive to highly resistant. IR was calculated as HOMA %S, a widely used and accepted measure of IR in population studies (41) . HOMA %S has been shown to correlate with euglycemic clamp data in cohorts of similar size (41) . Total testosterone and SHBG correlated with IR. In a backward regression analysis, however, only SHBG and BMI were significantly associated with HOMA %S, indicating that the association with total testosterone might depend on SHBG. This interpretation is consistent with the lack of an association between free testosterone and IR. The finding that SHBG showed an impact on IR independent of BMI fits well with recent reports demonstrating an association between SHBG levels and diabetes risk (42) .
Several androgen effects like those on bone metabolism are mediated through E 2 , a metabolite of testosterone formed upon peripheral aromatization, e.g. in adipose tissue (43) . As expected, E 2 correlated with total testosterone, although there was no correlation with SHBG, free testosterone, or with HOMA %S.
Consistent with a recent report from the European Aging Male Study (20) , there was no association between the AR CAG repeat length and IR as determined by HOMA %S. This contrasts to previous studies reporting a correlation with fasting insulin (22) or an association with the risk for suffering from the metabolic syndrome (23) . Remarkably, the directions of the association between the CAG length polymorphism and the metabolic parameters were contradictory in these two studies (22, 23) .
Limitations of this study are mentioned, which include the relatively small size of the investigated cohort, although within the range of others exploring Table 3 HOMA %S depending on free testosterone (f-testo) and the androgen receptor CAG repeat length for a 60-year-old man with a body mass index of 30 kg/m 2 as predicted from a regression model (see Table 2 the association of the AR CAG repeat length polymorphism on components of the metabolic syndrome (22, 23) . Furthermore, we reproduced our results obtained in women suffering from hyperandrogenism (24) , which support the relevance of the present findings. As the model has been calculated from clinical data, the predicted IR values toward or above the boundary values for testosterone and CAG repeat lengths of the cohort are expected to become less accurate. Therefore, confirmation of the results in larger independent cohorts and in particular in intervention trials considering CAG repeat length is desirable. The design of this study does not allow commenting on the direction of the observed association. The observation, however, of an interaction with a genetically determined and hence invariable polymorphism supports the view that testosterone in men is affecting IR rather than vice versa.
In conclusion, the AR CAG repeat polymorphism was found to modify the impact of testosterone on IR in men. The interaction observed in this study might contribute to the conflicting metabolic results reported from intervention trials in late-onset hypogonadism (9, 10, (14) (15) (16) . According to our analysis, the CAG repeat length needs to be considered if the relationship between testosterone and IR is addressed.
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